A computational investigation of aerodynamic characteristics of model counter-rotating fan with BPR=20, developed in CIAM in the framework of European Project COBRA (Innovative Counter rOtating fan system for high Bypass Ratio Aircraft engine), is presented in the work. Unsteady nature of the flow in counter-rotating fan has been studied including analysis of rotor-rotor interaction intensity and unsteady viscous wakes propagation through the axial gap and second rotor blade passages.
INTRODUCTION
One of the perspective schemes of aviation engines is bypass turbojet with ultra-high-bypassratio counter-rotating fan. The engines with counter-rotating fans potentially allow obtaining essential increase of fuel efficiency from the level reached by modern turbofans (Mileshin at al. 2009 , Lengyel et al., 2009 ). Unfortunately they also have some disadvantages -the most important among them are the increased levels of noise in comparison with conventional turbofans with the same thrust and bypass ratio. That is why investigation of aerodynamic and acoustic characteristics of counter-rotating fans is a problem of significant importance.
INVESTIGATION OBJECT
COBRA-1 fan has been designed by application of up-to-date 1D, 2D and 3D methods. Since the fan was designed as a 0.7 m diameter model of counter-rotating fan driven by differential planetary gear unit, torque ratio should be constant at operation line. This feature has an effect on aerodynamics. This fan was designed with 1.42-multiple power prevalence at 2 nd rotor. Prevalence of 2 nd rotor in power is justified by the possibility to obtain high value of efficiency of both rotors and appropriate acoustic characteristics. Numbers of blades are 8 and 12 for R1 and R2 correspondingly. Rotational speed is the same for both rotors at design point and equals 5800 rpm. Specified massflow at inlet is 211 kg/(s*m^2). The value of BPR=20.
One of distinctive features of the fan is forward sweep of leading and trailing edges of both rotors. This solution allows improving the flowfield in tip area by shifting position of the shock waves closer to trailing edges of the airfoils. Also, forward sweep influences the shape of viscous wakes making them skewed and curvilinear by changing shock structure, particularly for R2.
NUMERICAL INVESTIGATION OF AERODYNAMICS
Simulation of the flow in UHBR CR fan was carried out by considering two problem statements: steady and unsteady. The first allows assessing integral performances of the fan and analyzing flow field at different RPMs. The second gives opportunity to investigate unsteady row interaction, but requires much more computational time. For this reason, only design rotational speed was simulated in unsteady mode. 
Computational grid
A block-structured О-Н mesh ( fig. 1) 
Steady simulation
Numerical simulation of the flow is carried using Numeca FINE TURBO (Hirsh, 2012) for solving Reynolds averaged 3D Navier-Stokes equations. A two-parameter SST turbulence model (Menter, 1994) with extended wall function is used for simulation. Navier-Stokes equations solutions were obtained by Jameson scheme (Jameson, 1991) .
Flow computations have been performed with standard inlet boundary conditions: Т*=288.15К, p*=101325Pa at n cor =1.0, 0.9, 0.8, 0.7, 0.54 . Compliance of solutions between the rows is provided by mixing plane. Radial flow equilibrium is applied at the outlet boundary. Non-slip adiabatic conditions are specified on the solid walls. Figure 2 shows the results of numerical simulation. Integral performances (adiabatic efficiency, total pressure ratio) vs. inlet mass flow rate for the fan (left column) and for the R1 and R2 are presented separately. Comparison with CRTF1 fan performances (VITAL project) shows that the value of adiabatic efficiency of COBRA-1 fan exceeds CRTF1 efficiency by 1.4% at design point. This benefit has been achieved due to a significant decrease of relative velocities and intensity of shock waves as a result of tip speed decrease by 66 m/s and application of control diffusion airfoils.
Analysis of the results shows that both rotors have high value of adiabatic efficiency. 2 nd rotor has higher value of total pressure ratio, this causes higher relative velocities in R2 blade passages. Figure 3 demonstrates Relative Mach Number distribution at three sections (10%, 50%, 90% of blade span). The flow is subsonic in hub area of both rotors, shock waves occurs in the middle section of R2. The flow in tip region is transonic for both rotors. Mach Number reaches value M=1.2 at R1 and M=1.35 at R2. 
Unsteady simulation
Numerical simulation of the unsteady flow is carried using the same software as in case of steady statement. Two points at isospeed line N cor =1.0 were chosen: the point at operation line and the point corresponding to the minimum value of massflow. Unsteady simulation was carried out with no changes in turbulence model and boundary conditions except rotor-rotor interface. Compliance of solutions between the rows is provided by the sliding grids. Two blade passages of the 1 st rotor and three blade passages of the 2 nd were meshed to obtain common periodicity. Physical time step was chosen taking into account number of grid cells in circumferential direction: grid domains rotate for ~1 cell at each physical time step. Number of inner iteration was defined by value of global residual RMS=-3. Figure 4 shows comparison between the results obtained in steady (RANS) and unsteady (URANS) problem statement. Red markers are located rather close to the points of blue line, corresponding to the same counterpressure. Unsteady approach demonstrates lower values by approximately 0.3% of massflow and pressure ratio. This means that the influence of taking into account unsteady blade row interaction on integral performances is almost negligible for stable operation mode with no strong separation effects. 5 , left) illustrates presence of strong wake disturbances generated by thick airfoils of R1 blades. The wakes modify the flowfield in R2 flow field and boundary layer behavior at pressure and, particularly, suction side of R2 blades.
The second phenomenon is more clearly observable at flow field near tip ( fig. 5, right) . Shock waves in R2 propagate upstream and interact with viscous wakes and trailing edges of 1 st rotor. One of the crucial parameters defining acoustic performances of counter-rotating fan is the value of axial gap between rotors. 3D URANS simulation gives an opportunity to make the first preliminary assessment of intensity of interaction and check whether the value of the gap is enough. Total 5, right) demonstrates that the shock waves weaken while going through axial gap and hardly reach trailing edges of R1.
Radial structure of wakes is also important for acoustics. Figure 6 shows entropy distributions at two cross-sections of the fan: behind R1 in axial gap (left) and behind R2 (right). Left figure illustrates that wakes from 1 st rotor blades are skewed, non-radial, but close to linear shape. Entropy distribution at cross-section behind 2 nd rotor shows superposition of wakes from R1 and R2. Disturbances from first rotor dissipate while going through the flow path and look less distinct than R2 wakes. Inlet swirl of the flow and forward sweep of R2 blades causes curvilinear shape of R2 wakes. 
TONE NOISE CALCULATION
In order to evaluate acoustic characteristics of the fan we performed calculation of fan tone noise in the forward hemisphere at approach conditions. They correspond to relative shaft speed 54%. The approach conditions were chosen because we had data for comparison at these conditions. Also we took into account that in practice the problem of reduction of noise radiated from inlet for the UHBR fan is more complex task than suppression of noise, radiated from nozzle, due to short length of the inlet (in comparison with the nozzle), which limits the efficiency of liners. Moreover the results of tone noise calculation in the aft hemisphere have lower fidelity as the geometry of flow path downstream the fan is different in test rig and engine nacelles, and cannot be easily reproduced in calculations for both cases. So in our study we decided to focus ourselves to the noise in the forward hemisphere.
Calculation was performed using 3DAS (3 Dimensional Acoustics Solver) CIAM in-house solver (Nyukhtikov et al., 2004 , Nyukhtikov et al., 2008 . The method of rotor-stator interaction calculation, implemented in the solver, is based on the solution of three-dimensional Euler equations for disturbances in the reference frame of blade rows. Calculation consists of two steps. The first step -computation of mean steady flow field in turbomachine by Reynolds-Averaged Navier-Stokes equations, semi-empirical model of turbulence, and "mixing-plane" interfaces between blade rows. The second step is the unsteady inviscid calculation of disturbances, which is performed in time domain. Interaction between blade rows is provided by special interfaces which preserves continuity of flow parameters through the boundary. The equations in our method are solved using numerical methods of computational aeroacoustics. For spatial approximation we use the fourth order DRP (Dispersion Relation Preserving) scheme, generalized to the finite volume method (Tam and Webb, 1993) . For time derivative approximation four stages Runge-Kutta LDDRK (Low Dissipation and Dispersion Runge-Kutta) scheme is used (Hu et al., 1996) . For the calculation of acoustic characteristics in the far field the method based on Ffowcs-Williams and Hawkings equation with a penetrable data (integration) surface is used.
The first step of the simulation was the computation of mean steady flow fields using NUMECA FINE™/Turbo solver. To simplify the problem, calculation was performed with zero tip clearance. The grid in comparison with those used in the previous section, was tuned in order to provide sufficient resolution for acoustic calculations in the whole length of the flow pass. a) Scheme of the computational domain b) Computational grid (without buffer zones) Figure 7 : Scheme of the computational domain and the grid for the unsteady calculation Second step was the computation of tone noise of rotor-rotor interaction using nonlinear Euler equation for disturbances. The scheme of computational domain and the grid for the unsteady computation is shown in fig. 7 . The grid is derived from the grid for the steady flow field calculations and contains 2 blade channels for the first rotor and 3 for the second. To avoid unphysical reflections from the boundaries we added buffer zones to the calculation region in front and behind the fan (partly shown in fig. 7a by blue, not shown in fig. 7b ). The final size of the grid was 13 million cells.
First rotor Second rotor Figure 8: Unsteady static pressure field (pulsations)
Unsteady calculations were performed in time domain advancing solution by time with the constant time step. Period of rotation contained 64000 time steps. Fig. 8 shows the unsteady fields of static pressure (pulsations over steady flow field) on the radial sections of fan duct in the blocks connected with the first and the second rotors. Two blade channels of the first rotor and three of the second are represented. During the final step of rotor-rotor interaction computation, the unsteady flow field quantities data were collected on surface in the fan inlet (colored in red in fig. 7a ). On this surface we performed mode decomposition, to find sources for computation of tone noise radiation from the inlet. They were specified as a set of acoustic modes in the coaxial cylindrical duct. Sources were calculated for frequencies below and equal to 6F1+4F2, where F1=8N1 is the blade passage frequency of the first rotor, and F2=12N2 -blade passage frequency of the second rotor (N1 and N2-rotation frequencies of the first and second rows). The power levels of the most intensive tone noise harmonics in the specified frequency range are shown in fig. 9 .
Based on the results of the modal decomposition, the calculation of tone noise propagation through the inlet of the fan was performed. CIAM's 3DFS solver (Nyukhtikov et al., 2004) was used for computation of the mean steady flow field in the inlet. Fragment of computational domain which corresponds to the region of fine grid (other parts of the domain belong to sponge layer) and the results of the calculation for Mach number field are represented in fig. 10 . Noise propagation was computed using linearized Euler's equations for circumferential modes in the frequency domain (Nyukhtikov et al., 2008) . In fig. 11 is shown real part of static pressure pulsations in the inlet for harmonic F1+F2. To compute fan tone noise radiation in the far field Ffowcs-Williams and Hawkings equation was used. Black curve in fig. 11 shows position of the integration surface. Pressure pulsations were computed at points placed along the arc with r=4 m and the center in the central point of the inlet section with uniform angular distribution within 1-90° with 1° spacing. The directivity diagrams of sound pressure level SPL (dB) for all sixteen harmonics are shown in fig. 12 .
COMPARISON WITH CRTF1 FAN
In order to estimate the decrease of noise obtained as a result of design process we compared the results of aerodynamic and acoustic calculation for COBRA-1 fan with the results of calculations and experimental data for CRTF1 fan -counter-rotating fan developed in the framework of the project VITAL. One of the main differences between this two model fans is difference in rotors tip speeds. It is expected that 23% decrease of tip speeds for COBRA-1 fan should result in tone noise reduction. The geometry of CRTF1 fan in comparison with geometry of COBRA-1 fan is shown in fig. 13 ). The number of the first rotor blades for this fan is 10, the number of the second rotor blades is 14.The fan diameter is D=0.56 m. The design RPM is 9334 and 7000 for R1 and R2 correspondingly. Specified mass flow at inlet is 206 kg/(s*m^2). The approach operational conditions for the fan correspond to relative shaft speed 54%. The tip Mach numbers of blades is 25% higher than for COBRA-1 fan. The CRTF1 fan bypass ratio at approach conditions is 12, which is on the boundary between UHBR and HBR fans. Comparison of acoustic characteristics of the fans was performed at approach conditions. The results of calculation of tone noise in the forward hemisphere for CRTF1 fan and comparison of these results with experiment were presented in the work (Rossikhin et al., 2012) . In this study we recalculated these results using for calculation more detailed geometry model including entrance of the core duct.
The first step of the simulation again was the computation of mean steady flow fields using NUMECA FINE™/Turbo solver. Grid for the second step of calculation was derived from the grid for the steady flow field calculations and contained 5 blade channels for the first rotor and 7 for the second. To avoid unphysical reflections from the boundaries we added buffer zones to the calculation region. The size of the grid was 25 million cells. Unsteady calculations were performed in time domain advancing solution by time with the constant time step. Period of rotation contained 44000 time steps. Modal analysis was performed for frequencies below and equal to 5F1+3F2. The power levels of the most intensive tone noise harmonics in the specified frequency range are shown in fig. 14 . On the last step we performed calculation of noise propagation through inlet in the same manner as for COBRA-1 fan.
The results of the simulation in the far field were compared with the results of the experiment for the same fan on the CIAM test rig C-3A (Khaletskiy et al., 2012) . The results of comparison are showed in fig. 15 . We see satisfactory qualitative and, in some positions of microphones, quantitative agreement between the results of the simulation and the experiment, except for the harmonics 3F1+4F2 and 6F1+2F2. However for these harmonics levels of tone noise in the narrowband spectra of experimental data lay below the levels of broadband noise. So their real intensity cannot be derived from narrowband spectrum with good precision. Also we performed comparison between computational and experimental data for sound power levels of radiation in the forward hemisphere for specified harmonics. The difference in total sound power of noise for these harmonics is less than 0.5 dB.
The CRTF1 and COBRA-1 fan models have different diameters, and different mass flows, so it is impossible to perform straightforward comparison of their noise. However in order to estimate the influence of fan properties on acoustic characteristics we can compare noise of the fans normalized at mass flow. For this purpose we rescaled data of CRTF1 fan so that it corresponds to the data at the same positions of microphones for the fan with the same mass flow as for COBRA-1 fan at approach condition. After that we compared the sound power levels of fans noise in the inlet for sets of harmonics, specified earlier (see fig. 9 and fig. 14) . The intensity of COBRA-1 fan noise in the forward hemisphere is 2.1 dB less than intensity of CRTF1 fan noise. Also in the fig. 16 we compared summarized directivity diagrams for the computational and experimental data for CRTF1 fan and for computational data for COBRA-1 fan. Comparison showed that COBRA-1 fan noise is less intensive in the forward hemisphere. The results are those which are expected for UHBR fan in comparison with HBR fan. 
CONCLUSIONS
A numerical study of flow features in ducted counter rotating fan with ultra-high bypass ratio BPR=20 was carried out in two different problem statements: steady RANS and URANS. Integral performances and flow fields in blade passages were analyzed. Results obtained in steady and unsteady problem statement are in good agreement. Instantaneous flow field and peculiarities of unsteady row interaction were studied. It has been found that axial distance between rotors is big enough to weaken shock wave interaction; special meridional and tangential shape of trailing edges causes the changes in shape of wakes propagating downstream.
The numerical investigation of tone noise of COBRA-1 counter-rotating fan in the forward hemisphere at approach operational conditions was performed. The results of calculation were compared with the experimental and computational data for CRTF1 fan, designed in the framework of VITAL program. The data was rescaled to COBRA-1 fan mass flow value. Comparison showed that COBRA-1 fan acoustic emission in the forward hemisphere is weaker. The difference between sound power levels for COBRA-1 and CRTF1 fans is 2.1 dB.
COBRA-1 fan is already manufactured and is in preparation process for test campaign at C3-A rig in CIAM.
